The present work was undertaken in order to evaluate the rheological changes of set-style yoghurt at different incubation times, during production. The study of rheological changes of milk destined to set-style yoghurt production, in different processing stages prior to fermentation was accomplished using steady and oscillatory shear, while the study of the influence of storage time was also carried out using steady shear. Set-style yoghurt samples with 2 and 3 hours of fermentation exhibited a major structural breakdown during upward shear rate sweep experiments as expected, since the protein network was initially intact. Both samples exhibited two points of sudden decay. For T2 the these points occured at shear stresses of 38 Pa and 77 Pa and for T3 at 47 Pa and 80-83 Pa. The first point corresponds to the main break-up of protein network and the second one to the disruption of primary-aggregates, breaking the portion of casein network that was associated with exopolyssacharides produced by lactic acid bacteria. Structural analysis performed by means of oscillatory measurements indicate that the protein network is already partially formed after 2 hours, albeit full development is only achieved after longer periods. Heat-treated milk, evaporated milk and set-style yoghurt samples with 0 and 1 hour incubation times showed an apparent yield stress value of approximately 0.4 Pa and a strong shear-thinning behaviour afterwards. At higher shear stresses (approximately 1.6 Pa), however, the behaviour changed to shear-thickening, this effect being attributed to flow-induced interactions between the milk components. For the latter sample, a further change in flow behaviour occurred at a stress of 8 Pa, which is probably due to the breakdown of the weak protein network that had formed during incubation.
INTRODUCTION
The acidification of milk by fermentation is one of the ancient practices that is used to preserve milk [1] [2] [3] . Fermented milks produced after milk recombination are very common and make up a large proportion of the product in many countries, particularly in the Middle East. The fermentation of milk into yoghurt is dependent upon Lactobacillus delbrueckii subsp. bulgaricus and Streptococcus salivarius subsp. thermophilus growth and lactic acid production.
Initially yoghurt had a characteristic custard-like body and texture but nowadays with the continuous technological development, the product has proceeded in various directions and yoghurt texture may vary from a semifluid product, such as stirred yoghurt, to a rigid gel, such as set-style yoghurt [4] . Despite the diversity of the manufacturing methods that depend on the type of yoghurt being manufactured, raw materials used and product formulation, there are a number of common processing factors that influence the quality of the final product: thermal processing and composition of the milk, type of starter culture, temperature and time of incubation, cooling of the coagulum, packaging, chilled storage, etc. [3, 5] .
In commercial yoghurt production two basic types are usually manufactured: set-style yoghurt and stirred yoghurt that are classified according to their physical state in the retail container. Setstyle yoghurt is fermented in a retail container, which is filled after milk inoculation and is incubated in an incubation room at a suitable temperature, normally 40-43°C for approximately 2-4 hours. In stirred yoghurt, milk is inoculated and incubated in a fermentation tank, the yoghurt gel being broken up during the stirring, cooling and packaging stages. In addition to the processing conditions, the rheological properties of set-style yoghurt may vary due to several factors of physical nature (level of total solids and method of fortification, milk composition and type of starter culture) [1, [4] [5] [6] [7] [8] . The processing conditions have a strong influence in the characteristics of the co-agulii; for example good milk homogenization improves consistency and viscosity, reduces syneresis and the tendency of the small fat globules to coalesce (by breaking up the milk fat globules into smaller sized ones that, in turn, become coated with casein). Heating of milk destined for yoghurt production prior to the inoculation with lactic acid bacteria to temperatures ranging 90-95ºC during 5 minutes causes whey protein denaturation and induces interactions between the kcasein, b-lactoglobulin and a-lactalbumin, increasing the stability of the coagulum [2, 3] .
After inoculation of thermally treated milk, the lactic acid bacteria begins to produce lactic acid decreasing the pH of inoculated milk which results in the drop of the net negative change of the casein particles and in the leaching out of the colloidal calcium into the serum. Thus, the casein micelles begin to aggregate and if this process is allowed to proceed without mechanical disturbance, a network of small chains micelles is formed. As pH approaches the isoelectric point of casein (pH 4.6-4.7) the maximum gel firmness is obtained, with the gel entrapping the fat globules and residual serum.
The protein matrix has intersticial spaces containing the liquid phase and it also has void spaces in which lactic acid bacteria are present [4, 9] . Kalab et al. [4] suggested that the voids are caused by the proteolytic enzymes produced by the lactic acid bacteria. These bacteria, particularly the mucogenic bacteria, contribute to the protein network by producing exopolyssacharides that attach bacteria to the protein matrix. After incubation in a proper room, yoghurt retail containers are immediately cooled to 6°C in a refrigerating room. A fairly large number of methods have been used to evaluate yoghurt gels and their rheological properties [7, [9] [10] [11] [12] [13] [14] [15] . In the present work the aim is to evaluate the rheological changes of set-style yoghurt at different incubation times by means of both steady and oscillatory shear. The study of rheological changes of milk in processing stages prior to fermentation was accomplished using steady shear.
Samples of the different stages of production of set-style yoghurt were obtained in a local dairy that supported this research (LACTOGAL, S.A.). The points of sampling were the following: LAmild heat-treated milk with 7% (w/w) sugar (sampling performed in the balance tank prior to pasteurization unit); LPE-pasteurized, homogenized and 20% evaporated milk (sampling performed in a forced exit after the plate heat exchanger used in the heat treatment stage); T0inoculated heat-treated milk (sampling performed immediately after packaging); T1-setstyle yoghurt collected after 1 hour of incubation (sampling performed in the incubation room); T2-set-style yoghurt collected after 2 hours of incubation and T3-set-style yoghurt collected after 3 hours of incubation. The set-style yoghurt contained 17.9 % total solids, 3.4 % protein and 1.6 % fat (average values indicated by the producer). Upon collection, samples were immediately cooled in an ice bath and then kept in the refrigerator, at a temperature of 5-7°C. Two yoghurt batches were sampled for this study, differing in the storage time (specified in the results section) in order to study its influence in the structure and flow properties of the material.
Up and down shear rate sweeps, constant and oscillatory shear measurements and the study of structure recovery were carried out for yoghurt samples T2 and T3. The procedure for the experiments performed on yoghurt samples T2 and T3, on the Weissenberg Rheogoniometer is essentially similar to that reported previously by Afonso and Maia [13] for stirred yoghurt and, therefore, it is only briefly summarized here.
Firstly, the sample was carefully removed, by means of a flat spoon, from mid-depth of an undisturbed yoghurt retail container, thermally stabilized at room temperature (20°C) and placed on the bottom plate of the Rheogoniometer. The gap value varied between 2400 and 2500 µm, since the slice of sample removed did not have a constant height. Therefore, in order to avoid sample damage by squashing, small differences in the gap value had to be allowed for. Up and down shearing experiments and the study of structure break-up under shear were conducted as reported by Afonso and Maia [13] , only differing in the temperature that was 20°C. The study of structure recovery was conducted by keeping the sheared yoghurt sample at rest during different times (15 minutes, 30 minutes and 1 hour) after an initial structure break-up experiment after which another structure break-up experiment was performed. Development of structure during fermentation, for T2 and T3 yoghurt samples, was studied by means of oscillatory rheological measurements as also reported previously by Afonso and Maia [13] . These experiments were carried out at 20°C. Due to their low viscosity, the study of rheological changes of milk in processing stages prior to fermentation and for T0 and T1 yoghurt samples, was performed on a Paar PHYSICA MC-1 rheometer, using a concentric cylinders geometry, MS Z2 DIN. Controlled shear rate measurements were conducted, in continuous ramp mode, shear rate sweeps ranging from 0 to 1032 s -1 at 15°C. In all cases each experiment was repeated three times, the data presented below being average results. Figure 1 shows the up and down flow curves of T2 and T3 yoghurt samples and it is possible to observe the extent of structural breakdown during shearing and the thixotropic character of set-style yoghurt with different fermentation times. From the hysteresis loops, it is possible to verify that yoghurt coagulii were subjected to a major structural degradation during the upward cycle. This was expected since the protein network was initially intact. A transient stress growth region is observed at low shear rates, in which the viscosity increased with increasing shear. Sample T3 exhibits a slightly higher structural degradation than sample T2, which was expected since, for the latter, the yoghurt gel has not reached the maximum curd firmness and stability yet, it being easier to disrupt the protein network.
RESULTS AND DISCUSSION
The differences in structural degradation between these two set-style yoghurt samples can also be observed in Figure 2 in which average plots of reduced apparent viscosity, h/h 0 , versus shear stress during the upward cycle are shown. In this figure, it is possible to observe that the two yoghurt samples exhibited two points of sudden decay of h/h 0 , as was observed previously by Afonso and Maia [13] in their study of stirred yoghurt rheology. For sample T2, the first point occured at a shear stress of 38 Pa and the second one at 77 Pa. For sample T3, the sudden decay points occured at a shear stress of 47 Pa and 80 -83 Pa, respectively. These points of sudden decrease in h/h 0 correspond to critical values of shear stress at which significant structure breakdowns occurs and are probably due to wall depletion effects that occured due to the displacement of whey away from the protein network, as the break-up of this structure occured [13, 16] .
As was observed by the same authors in their study of stirred yoghurt rheology, these sudden decreases of apparent viscosity may be explained with basis of the models proposed by Hess et al. and by M.E. van Marle [9, 15] . Thus, the first decrease in h/h0 corresponds to the disruption of "super-aggregates" where the portion of the casein micelle network that is not associated with exopolyssacharides (produced by the starter cultures) was broken, i.e., the first drop in (h/h0) corresponds to the major break-up of protein network. The second inflection point corresponds to the disruption of the "primary-aggregates", breaking the portion of the casein network that is associated with the exopolyssacharides. All the experiments were performed 8 days after sampling (the importance of this time lag will be further discussed below). Comparing the shear stress values at which the sudden decay of (h/h 0 ) occured it is possible to conclude that after 2 hours of fermentation the yoghurt gel is almost completely formed, the strength of the protein network only increasing slightly afterwards.
The break-up of structure in time, under constant shear, is shown in Figure 3 , for T2 and T3 yoghurt samples, where it is possible to observe that both samples exhibited similar behaviour during structure disruption and taking the same time to reach equilibrium. The results are comparable with those obtained by some authors in former studies, when viscosity decay with time was studied for stirred yoghurt [10, 13] .
The structure recovery of the yoghurt sample, with 3 hours of fermentation, as a function of different rest times (15 min, 30 min and 1 hour) is shown in Figure 4 . It is apparent that only for resting times higher than 30 minutes there is a significant degree of stucture rebodying. The structure recovery after one hour at rest is slightly higher than after 30 minutes. These results are in agreement with those obtained by Arshad et al. [14] , who observed that a significant part of the structure recovery occured on a one-hour scale.
The study of structure evolution during fermentation of set-style yoghurt, for the T2 and T3 yoghurt samples, was performed by means of oscillatory shear measurements, in order to assure that structure was not being destroyed during the experiments. In Figure 5 the log frequency sweeps for T2 and T3 yoghurt samples are shown and the results are consonant with those from steady shear. The yoghurt sample with 3 hours of fermentation shows a higher storage modulus, G', and a slightly lower loss angle, tan d, than the 2 hours fermentation one. ples exhibited similar structure behaviour, showing increased storage modulus with increasing frequency. The low storage moduli values that are observed are an indication of the presence of a weak elastic structure in both samples, whereas the low loss tangent values show the strong viscoelastic character of yoghurt samples. In Figure 6 the Cox-Merz diagram is presented, and the non-validity of the Cox-Merz rule [17] is readily apparent. This happens because the intact yoghurt coagulum (represented by means of the complex viscosity) is being compared with the disrupted yoghurt coagulum (represented by means of the shear viscosity). From the Cox-Merz diagram one can observe the structure differences due to the incubation time in the form of an increasing complex viscosity and the very slight increase in consistency with the slight increase in shear viscosity.
The influence of the time lag between sampling and the analysis was also studied for T2 and T3 samples. The differences of structure breakdown during the 'upward cycle', with different storage time for sample T3, can be observed in Figure 7 . Like in Figure 2 , two sudden decay points of apparent viscosity are observed. The shear stresses at which these decreases occur are approximately 35 Pa and 84 Pa for the sample with two days storage time. With increased storage time, a slight increase of the shear stress values, at which the first inflection point (but not the second) occured, is observed. Thus, for the yoghurt sample with a storage time of 8 days, the first point occured at 47 Pa and the second at 80 -83 Pa. This effect was expected and is probably due to syneresis, protein hydration and postsampling exopolyssacharides production [1, 13] .
As mentioned before, heat-treated milk (LA), evaporated milk (LE), and T0 and T1 yoghurt samples were tested using a Paar PHYSICA MC-1 concentric-cylinder stress-controlled rheometer and the corresponding average plots of apparent viscosity versus shear stress during the upward cycle are shown in Figure 8 . In this, it is possible to observe that all samples exhibited an apparent yield stress value of 0.38 Pa. All samples exhibited similar flow behaviour, showing a shear-thinning behaviour up to a shear stress of 1.6 Pa, after which a change to shear-thickening occurs. The reasons for this behaviour are not clear but, probably, it is due to some sort of flowinduced interactions between the milk components. One other possibility for the observed increases in apparent viscosity is the development of secondary flows that would artificially increase the measured torque. The criterion stability, for these flows not to develop, calls for the Taylor number to be lower than 3400, the latter being defined as 
In this, r is the density of the fluid, W the angular velocity of the inner bob, R 0 and R i the outer and inner bob radii, respectively and h the shear rate dependent viscosity. The calculations show that Ta < 90, i.e. well below the critical threshold and, therefore, one must rule out the existence of secondary flows as a cause for this phenomenon. The yoghurt sample with 1 hour of fermentation (T1) exhibited a further change in the flow behaviour at a shear stress of about 8 Pa, showing a sudden drop in viscosity, followed by the continuation of shear-thickening (this having occurred for all three experiment repetitions). This change may be due to a structure breakdown, probably of the weak protein network that had formed already during incubation. Again, secondary flows are not a factor because Ta 1 000.
Other possibilities for this behaviour would be viscous heating, the onset of turbulent flow and the development of purely elastic instabilities (different in nature from the secondary flows described above). However, the authors do not believe these to be relevant factors in the present situation because there is no apparent reason for it only being present for T1 and not for the remaining samples. Furthermore, some quick calculations show that the flow characteristics obey the stability criteron for isothermal, laminar flow. Regarding the onset of turbulent flow the Reynolds number, Re, given by (2) is of the order of 120, i.e. well below the 50000 critical value [18] . The reduction in torque expected from viscous heating is given by:
In this, M 0 is the torque under isothermal conditions, b is the temperature sensitivity factor of the viscosity (see Eq. 5 below) and Br is the Brinkman number, that is defined as: 
where k T is the thermal conductivity, T 0 the reference temperature and m 0 a constant derived from the temperature dependence equation that is defined as:
The estimated reduction in torque, calculated from Eq. 3, is lower than 0.5% (the Brinkman number, Br, is of the order 10 -5 -10 -4 ) and, therefore, negligible. Finally, the onset of purely elastic instabilities that may cause very fine, time periodic cells depends on a critical Weissenberg number, We
where l is the longest relaxation time of the fluid.
In the present case l could be, in principle, estimated either from steady shear data ( , where N 1 is the first normal stress difference) or from oscillatory shear data (( ).
Unfortunately, in the latter case it was not possible to reach the final terminal region of G' and G'' and, in the former, N 1 was too small to be measured accurately (the lower limit of the normal force transducer yields an accuracy of approximately 100 Pa for the measurement of N 1 , at low shear rates). At the inflection point, i.e. at a shear stress of 8 Pa, the first normal stress difference can be measured to within 160 Pa (assuming the second normal stress difference, N 2 , is zero), which means that whatever the relaxation time may be it is small and, at most, 0.02 s (the value calculated from the worst-case conditions, i.e. N 1 = 160 Pa and s = 8 Pa). Assuming this value as an upper limit for l yields We < 10, at the inflection point which, again, is well below the commonly agreed critical value of approximately 30. 
CONCLUSIONS
The aim of this study was the rheological monitoring of structure development and rebodying of set-style yoghurt, which was performed by means of steady and oscillatory shear experiments. Heat-treated milk, evaporated milk and set-style yoghurt samples with 0 and 1 hour incubation times showed an apparent yield stress value of approximately 0.4 Pa and a strong shearthinning behaviour afterwards. At higher shear stresses (approximately 1.6 Pa), however, the behaviour changed to shear-thickening, this effect being attributed to flow-induced interactions between the milk components. For the latter sample, a further change in flow behaviour occurred at a stress of 8 Pa, which is probably due to the breakdown of the weak protein network that had formed during incubation. Set-style yoghurt samples with 2 and 3 hours of fermentation exhibited a major structural breakdown during the upward cycle as expected, since the protein network was intact. Both T2 and T3 yoghurt samples exhibited two points of sudden decay. These points correspond to critical values of shear stress for which significant structure breakdowns occurs. The first point correspond to the major break-up of protein network and the second one to the disruption of primary-aggregates, breaking the portion of casein network that was associated with exopolyssacharides produced by lactic acid bacteria. Structural analysis performed by means of oscillatory measurements, showed, as expected, that sample T3 has a higher storage modulus than sample T2, but in general, the two strutures exhibited a similar elastic structure, as shown by tan δ, indicating that the protein network is already partially formed after 2 hours, albeit full development is only achieved after longer periods.
